Objective: Recent data suggest that adipose triglyceride lipase (ATGL) plays a key role in providing energy substrate from triglyceride pools and that alterations of its expression/activity relate to metabolic disturbances in skeletal muscle. Yet little is known about its regulation. We here investigated the role of the protein G0/G1 Switch Gene 2 (G0S2), recently described as an inhibitor of ATGL in white adipose tissue, in the regulation of lipolysis and oxidative metabolism in skeletal muscle. Methods: We first examined G0S2 protein expression in relation to metabolic status and muscle characteristics in humans. We next overexpressed and knocked down G0S2 in human primary myotubes to assess its impact on ATGL activity, lipid turnover and oxidative metabolism, and further knocked down G0S2 in vivo in mouse skeletal muscle. Results: G0S2 protein is increased in skeletal muscle of endurance-trained individuals and correlates with markers of oxidative capacity and lipid content. Recombinant G0S2 protein inhibits ATGL activity by about 40% in lysates of mouse and human skeletal muscle. G0S2 overexpression augments (þ49%, p < 0.05) while G0S2 knockdown strongly reduces (À68%, p < 0.001) triglyceride content in human primary myotubes and mouse skeletal muscle. We further show that G0S2 controls lipolysis and fatty acid oxidation in a strictly ATGL-dependent manner. These metabolic adaptations mediated by G0S2 are paralleled by concomitant changes in glucose metabolism through the modulation of Pyruvate Dehydrogenase Kinase 4 (PDK4) expression (5.4 fold, p < 0.001). Importantly, downregulation of G0S2 in vivo in mouse skeletal muscle recapitulates changes in lipid metabolism observed in vitro. Conclusion: Collectively, these data indicate that G0S2 plays a key role in the regulation of skeletal muscle ATGL activity, lipid content and oxidative metabolism.
INTRODUCTION
Obesity is one of the most prevalent diseases worldwide and constitutes a major risk factor for the development of type 2 diabetes [1, 2] . Over the past few decades, efforts have been made to understand how alterations in lipid metabolism can lead to the development of insulin resistance [3] . A common feature of obesity and type 2 diabetes is ectopic lipid storage. Indeed, in conditions of excess body fat and/or dietary lipid intake, fatty acids are stored as triacylglycerols within lipid droplets in adipose and non-adipose tissues such as liver, heart and skeletal muscle [4] . Interestingly, it has been repeatedly observed that intramyocellular triacylglycerol (IMTG) accumulation predicts the development of insulin resistance [5e7]. However, this relationship has proven much more complex than initially thought. Indeed, the skeletal muscle of endurance-trained athletes is highly insulin-sensitive despite having an elevated IMTG content [8] . This may be explained by a more efficient coupling between fatty acid storage and utilization in muscles from trained subjects. On the contrary, defective lipid handling in skeletal muscle has been reported in obese and type 2 diabetic subjects, associated with the accumulation of lipotoxic lipid species, such as diacylglycerols and ceramides, that impair insulin signaling and action [9, 10] . We and others recently observed that disturbances of lipolysis and lipid droplet dynamics in skeletal muscle relate to lipotoxicity and insulin resistance [11e13] . The first and rate-limiting step of skeletal muscle lipolysis is catalyzed by adipose triglyceride lipase (ATGL), and elevated expression and activity of ATGL causes insulin resistance in vitro in primary skeletal muscle cells [11] . However, little is known about its regulation in skeletal muscle. We showed in a previous study that Comparative Gene Identification-58 (CGI-58) co-activates ATGL in skeletal muscle [14] . G0/G1 Switch Gene 2 encodes for an 11 KDa protein (i.e. G0S2) discovered in 1991 to be induced during the transition from the G0 to G1 phase of the cell cycle in lymphocytes [15] . In 2005, a metabolic role of G0S2 was suggested when it was identified as a Peroxisome-Proliferator-Activated Receptor (PPAR) target gene [16] . Recently, G0S2 was shown to inhibit ATGL activity in metabolic organs such as adipose tissue [17, 18] and liver [19, 20] . In the present study, we investigated the role of G0S2 in the control of ATGL activity and lipid metabolism in mouse and human skeletal muscle. The functional role of G0S2 in the regulation of lipolysis and energy substrate oxidation was studied through gain and loss of function studies in vitro in human primary muscle cells and in vivo in mouse skeletal muscle.
MATERIALS AND METHODS

Muscle sampling
Data and samples from 50 men aged between 34 and 53 years were available from a prior study [21] . Of these, 11 were normal weight sedentary controls (mean age 44.4 AE 1.1 yrs; mean BMI 23.9 AE 0.5 kg m À2 ), 11 were normal weight endurance-trained individuals (mean age 47.9 AE 1.8 yrs; mean BMI 23.4 AE 0.4 kg m À2 ), and others were sedentary obese (mean age 43.2 AE 1.1 yrs; mean BMI 34.0 AE 0.8 kg m À2 ) (n ¼ 28). The overall study design and subject testing have been partly described in [21] . The study was performed according to the latest version of the Declaration of Helsinki and the Current International Conference on Harmonization (ICH) guidelines. The research protocol was approved by the Université Laval ethics committee, and all subjects provided written informed consent. Samples of vastus lateralis (w100 mg) were obtained, blotted free of blood, cleaned to remove fat and connective tissue, and snap-frozen in liquid nitrogen for lipid and Western blot analyses. All samples were stored at À80 C under argon or nitrogen gas until use.
Skeletal muscle primary cell culture
Chemicals and culture media were from SigmaeAldrich and Life Technologies. Satellite cells from rectus abdominis of healthy male subjects (age 34.3 AE 2.5 years, BMI 26.0 AE 1.4 kg/m 2 , fasting glucose 5.0 AE 0.2 mM) were kindly provided by Prof. Arild C. Rustan (Oslo University, Norway). Satellite cells were isolated by trypsin digestion, preplated on an uncoated petri dish for 1 h to remove fibroblasts, and subsequently transferred to T-25 collagen-coated flasks in Dulbecco's Modified Eagle's Medium (DMEM) low glucose (1 g/L) supplemented with 10% FBS and various factors (human epidermal growth factor, BSA, dexamethasone, gentamycin, fungizone, fetuin) as previously described [22] . Cells from several donors were pooled and grown at 37 C in a humidified atmosphere of 5% CO 2 . Differentiation of myoblasts (i.e. activated satellite cells) into myotubes was initiated at w80e90% confluence by switching to a-Minimum Essential Medium with 2% penicillin-streptomycin, 2% FBS, and fetuin (0.5 mg/ml). The medium was changed every other day, and cells were grown up to 5 days.
Overexpression and knockdown studies
For overexpression experiments, adenoviruses expressing in tandem GFP and human G0S2 (hG0S2) were used (Vector Biolabs, Philadelphia, PA). Control was performed using adenoviruses containing GFP gene only. Myotubes were infected with both adenoviruses at day 4 of differentiation and remained exposed to the virus for 24 h in serum-free DMEM containing 100 mM of oleate complexed to BSA (ratio 2/1). For knockdown studies, myoblasts were exposed for 24 h at the beginning of the differentiation to lentiviral particles encoding for hG0S2 shRNA, hATGL shRNA or a scramble shRNA (non-target control) (SigmaeAldrich, France). Oleate was preferred to palmitate for lipid loading of the cells to favor triacylglycerol (TAG) synthesis and to avoid the intrinsic lipotoxic effect of palmitate [23] .
Animal studies
All experimental procedures were approved by a local ethical committee and performed according to INSERM animal core facility guidelines and to the 2010/63/UE European Directive for the care and use of laboratory animals. Eight-week-old C57BL/6J male mice were housed in a pathogen-free barrier facility (12 h light/dark cycle) and fed normal chow diet (10% calories from fat) (D12450B, Research Diets, New Jersey). After 6 weeks of diet, mice were injected with 1 Â 10 10 GC (i.e. genome copy) of AAV1 vector (Vector Biolabs, Philadelphia, PA) in tibialis anterior and gastrocnemius muscles. Each mouse had one leg injected with AAV1-shG0S2 and the contralateral leg injected with AAV1-shNT (nontarget) as a control. Six weeks following the injections, mice were killed by cervical dislocation and muscles (i.e. tibialis anterior, gastrocnemius, extensor digitorum longus and soleus) were dissected and either used ex-vivo for palmitate oxidation assay or stored at À80 C for protein and RNA analyses.
Real-time RT-qPCR
Total RNA from cultured myotubes or tibialis anterior muscle was isolated using Qiagen RNeasy mini kit according to manufacturer's instructions (Qiagen GmbH, Hilden, Germany). The quantity of RNA was determined on a Nanodrop ND-1000 (Thermo Scientific, Rockford, IL, USA). Reverse transcriptase PCR was performed on a Techne PCR System TC-412 using the Multiscribe Reverse Transcriptase method (Applied Biosystems, Foster City, CA). Real-time quantitative PCR (qPCR) was performed to determine cDNA content. All primers were bought from Applied Biosystems. Primers used were: 18S (Taqman assay ID: Hs99999901_s1), G0S2 (Hs00274783_s1 and Mm00484537_g1), PDK4 (Hs01037712_m1), and PGC1a (Hs00173304_m1). The amplification reaction was performed in duplicate on 10 ng of cDNA in 96-well reaction plates on a StepOnePlusÔ system (Applied Biosystems). All expression data were normalized by the 2 (DCt) method using 18S as internal control.
Western blot analysis
Muscle tissues and cell extracts were homogenized in a buffer containing 50 mM HEPES, pH 7.4, 2 mM EDTA, 150 mM NaCl, 30 mM NaPPO 4 , 10 mM NaF, 1% Triton X-100, 1.5 mg/ml benzamidine HCl and 10 ml/ml of each: protease inhibitor, phosphatase I inhibitor, and phosphatase II inhibitor (SigmaeAldrich 2.7. ATGL activity assay ATGL activity was measured on muscle tissue and cell lysates (i.e. myotubes and COS7 cells stably overexpressing hATGL [24] ) as previously described [25] . Briefly, tissue and cell lysates were extracted in a lysis buffer containing 0.25 M sucrose, 1 mM EDTA, 1 mM DTT, 20 mg/ml leupeptin, and 2 mg/ml antipain. [9, 10e 3 H(N)] triolein (PerkinElmer), and cold triolein were emulsified with phospholipids by sonication. The emulsion was incubated for 30 min at 37 C in the presence of 10e40 mg of total protein from tissue and cell lysates.
After incubation, the reaction was terminated by adding 3.25 ml of methanol-chloroform-heptane (10:9:7) and 1.1 ml of 0.1 M potassium carbonate/0.1 M boric acid (pH 10.5). After centrifugation (800 g, 15 min), 0.5 ml of the upper phase was collected for scintillation counting. ATGL activity was measured in the presence of 1 mg of human recombinant G0S2 protein (rhG0S2) (OriGene), CGI-58 (rhCGI-58) (Abnova), or both. The data are expressed in nmol of oleic acid released per h per mg of protein.
Determination of glucose metabolism
Cells were pre-incubated with a glucose-and serum-free medium for 90 min, then exposed to DMEM supplemented with D[U- (1 mCi/ml; PerkinElmer, Boston, MA). Following incubation, glucose oxidation was determined by counting of 14 CO 2 released into the culture medium. The cells were then solubilized in KOH 30%, and glycogen synthesis was determined as previously described [26] .
2.9. Determination of fatty acid metabolism Cells were pulsed overnight for 18 h with [1e 14 C] oleate (1 mCi/ml; PerkinElmer, Boston, MA) and cold oleate (100 mM) to prelabel the endogenous TAG pool. Oleate was coupled to FA-free BSA in a molar ratio of 5:1. Following the pulse, myotubes were chased for 3 h in DMEM containing 0.1 mM glucose, 0.5% FA-free BSA, and 10 mM triacsin C to block FA recycling into the TAG pool as described elsewhere [27] . TAG-derived FA oxidation was measured by the sum of 14 CO 2 and 14 C-ASM (acid soluble metabolites) in the absence of triacsin C as previously described [22] . Myotubes were harvested in 0.2 ml SDS 0.1% at the end of the pulse and of the chase period to determine oleate incorporation into TAG, diacylglycerol (DAG), monoacylglycerol, FA, and protein content. The lipid extract was separated by TLC using heptane-isopropyletheracetic acid (60:40:4, v/v/v) as developing solvent. All assays were performed in duplicates, and data were normalized to cell protein content. Palmitate oxidation rate was measured as previously described [28] .
Determination of mitochondrial content
We determined mitochondrial mass in myotubes using Mitotracker Green FM (Invitrogen, Carlsbad, CA), which stains mitochondrial matrix protein irrespective of the membrane potential and thus provides an accurate assessment of mitochondrial mass. Similarly, we measured mitochondrial membrane potential using a Mitotracker Red CMX-Ros (Invitrogen, Carlsbad, CA), which stains mitochondria according to their membrane potential. Briefly, cells were washed with PBS and incubated at 37 C for 30 min with 100 nM of each Mitotracker. Cells were then harvested using trypsin/EDTA and resuspended in PBS. Fluorescence intensity was measured on a fluorometer and values expressed as relative fluorescence units (RFU).
2.11. Tissue-specific [2e 3 H] deoxyglucose uptake in vivo Muscle-specific glucose uptake was assessed in response to an intraperitoneal bolus injection of 2-[1,2e 3 H(N)]deoxy-D-Glucose (PerkinElmer, Boston, Massachusetts) (0.4 mCi/g body weight) and insulin (3 mU/g body weight). The dose of insulin was determined in preliminary studies to reach a nearly maximal stimulation of insulin signaling and glucose uptake in all muscle types and metabolic tissues. Mice were fasted 2 h before injection, killed 30 min after injection, and tissues were extracted by precipitation of 2-deoxyglucose-6-phosphate as previously described [29] .
2.12. Determination of triacylglycerol and ceramide content Triacylglycerol and ceramide species content was determined by highperformance liquid chromatography-mass spectrometry after lipid extraction as described elsewhere [29, 30] .
Statistical analyses
All statistical analyses were performed using GraphPad Prism 5.0 for Windows (GraphPad Software Inc., San Diego, CA). Normal distribution and homogeneity of variance of the data were tested using Shapiroe Wilk and F tests, respectively. One-way ANOVA followed by Tukey's post hoc tests and Student's t-tests were performed to determine differences between treatments. Two-way ANOVA and Bonferroni's post hoc tests were used when appropriate. All values in figures and tables are presented as mean AE SEM. Statistical significance was set at p < 0.05.
RESULTS
3.1. G0S2 is associated with lipid content and oxidative capacity in human skeletal muscle Muscle G0S2 protein expression was assessed in human vastus lateralis samples in healthy lean, obese, and athlete volunteers. We observed that G0S2 protein content was increased in endurancetrained individuals compared to lean, while a trend was observed in obese sedentary volunteers ( Figure 1A) . Interestingly, muscle G0S2 protein content tightly correlates with ATGL protein (r 2 ¼ 0.67, p < 0.0001) ( Figure 1B ). The ratio of G0S2 to ATGL protein content was not statistically different between lean, obese and athlete (data not shown). We also noted that G0S2 protein was positively associated with IMCL content (r 2 ¼ 0.17, p ¼ 0.0048) ( Figure 1C ), and cytochrome oxidase activity, a marker of muscle oxidative capacity (r 2 ¼ 0.20, p ¼ 0.0021) ( Figure 1D ). Together, these data indicate that G0S2 is significantly expressed in skeletal muscle and may play a role in the regulation of lipid storage and metabolism.
3.2. G0S2 inhibits ATGL activity in mouse and human skeletal muscle Muscle G0S2 protein expression was measured in different types of mouse skeletal muscles. We observed that G0S2 protein content was higher in the oxidative soleus muscle compared to mixed gastrocnemius and glycolytic extensor digitorum longus muscles (Figure 2A) . A similar expression pattern was observed for CGI-58 as previously described [14] . ATGL activity measured in lysates of both soleus and EDL muscles was significantly reduced by the addition of G0S2 recombinant protein (À44% and À47% respectively, p < 0.05) ( Figure 2B ). We observed a similar effect in lysates of human vastus lateralis muscle (À37%, p < 0.05) ( Figure 2C ). Interestingly, G0S2 strongly inhibited ATGL activity in COS-7 cell lysates stably overexpressing ATGL but also completely abolished its activation by the ATGL co-activator CGI-58 ( Figure 2D ). Collectively, these data suggest that G0S2 is a potent inhibitor of ATGL activity in mouse and human skeletal muscle.
3.3. G0S2 overexpression in human primary myotubes inhibits lipolysis and FA oxidation G0S2 was overexpressed using an adenovirus containing G0S2 cDNA. An adenovirus containing GFP cDNA was used as a control. Adenovirus-mediated G0S2 overexpression led to a 4.3-fold increase of G0S2 gene expression (p < 0.001) (data not shown) and a 4.6-fold increase of protein content (p < 0.001) ( Figure 3A ) in 5 days differentiated human myotubes. Surprisingly, this was accompanied by a 21% increase of ATGL protein content in these cells (p < 0.001) ( Figure 3B ). As expected, ATGL activity was reduced by 61% in cells overexpressing G0S2 (p ¼ 0.026) ( Figure 3C ). We next examined the effect of G0S2 overexpression on lipolysis and FA metabolism. We observed that G0S2 overexpression increased TAG accumulation (þ49%, p ¼ 0.031) ( Figure 3D ), which was concomitantly accompanied by a decrease of FA release into the culture medium (À34%, p ¼ 0.01) ( Figure 3E ) and FA oxidation (À38%, p ¼ 0.038) ( Figure 3F ). Taken together, these data show that G0S2 inhibits ATGL activity in human primary myotubes, leading to a reduction of lipolysis rate and FA oxidation.
3.4. G0S2 knockdown in human primary myotubes promotes lipolysis and FA oxidation G0S2 silencing in human primary skeletal muscle cells was realized using lentivirus containing an shRNA directed against G0S2 (shG0S2), and a scramble shRNA (shNT) was used as a control. No significant change in cell viability was observed between shNT and shG0S2 conditions (data not shown). Lentivirus-mediated G0S2 knockdown strongly reduced G0S2 gene expression (À61%, p ¼ 0.009, data not shown), leading to a virtually complete loss of G0S2 protein ( Figure 4A ). Interestingly, G0S2 downregulation was accompanied by a significant decrease of ATGL protein (À39%, p ¼ 0.026) (Figure 4B ), despite a nearly 50% increase of ATGL activity (p ¼ 0.027) ( Figure 4C ). G0S2 knockdown was associated with a marked reduction of the TAG pool (À68%, p < 0.001) ( Figure 4D ) that was accompanied by a robust increase of FA release (4.8 fold, p < 0.001) ( Figure 4E ) and FA oxidation (3 fold, p < 0.001) ( Figure 4F ). Collectively, these results show that G0S2 knockdown promotes lipolysis and increases FA oxidation in human primary myotubes.
3.5. G0S2 controls lipolysis in an ATGL-dependent manner in human primary myotubes Because G0S2 may display effects on lipid metabolism independent of ATGL [31] , we performed a double knockdown of G0S2 and ATGL and assessed lipid metabolism ( Figure 5A ). As previously observed, the TAG pool was strongly reduced in myotubes knocked down for G0S2, but this effect was totally abrogated and the TAG pool increased C] oleate were performed to determine the rate of (D) incorporation of radiolabeled oleate into TAG (shNT ¼ 41.8 AE 5.1 nmol/ 3 h/mg protein), (E) FA release (shNT ¼ 74 AE 6 nmol/3 h/mg protein), and (F) oleate oxidation (shNT ¼ 3.74 AE 0.32 nmol/3 h/mg protein) in control myotubes (shNT) and myotubes with G0S2 silencing (shG0S2). n ¼ 9. *p < 0.05, ***p < 0.001 versus shNT. (þ65% vs shNT, p ¼ 0.004) when ATGL was simultaneously ablated. A similar increase in TAG pool was observed when ATGL was down regulated alone ( Figure 5B ). In line with changes in TAG content, the increase of FA release ( Figure 5C ) and FA oxidation ( Figure 5D ) was totally blunted when both G0S2 and ATGL were knocked down, in a similar fashion as when ATGL was ablated alone. Altogether, these data suggest that G0S2 controls lipolysis and lipid metabolism in a strictly ATGL-dependent manner.
3.6. G0S2 knockdown reduces glucose metabolism and enhances mitochondrial function FA and glucose are the main energy substrates in skeletal muscle, and a finely tuned regulation occurs for the use of these two substrates. Considering that G0S2 knockdown has an important impact on IMTG content and lipolysis, we investigated its effect on glucose metabolism. We observed that G0S2 knockdown decreased glucose oxidation (À34%, p ¼ 0.003) ( Figure 6A ) and glycogen synthesis (À63%, p < 0.001) ( Figure 6B ). Because glucose oxidative metabolism is under the control of pyruvate dehydrogenase kinase 4 (PDK4), we measured expression of PDK4 gene, a well-known canonical target gene of Peroxisome Proliferator Associated Receptor b (PPARb), a master regulator of muscle oxidative metabolism. Interestingly, we observed that PDK4 was highly induced by G0S2 knockdown (5.4 fold, p < 0.001), an effect that was strongly abolished when the cells were concomitantly treated with 500 nM of GSK0660, a specific antagonist of PPARb (À70%, p < 0.001) ( Figure 6C ). Because PPARg coactivator 1a (PGC1a), another master regulator of oxidative metabolism is also a PPARb-target gene, we measured its expression level and showed a 2-fold increase of PGC1a gene expression in myotubes knocked down for G0S2 (p ¼ 0.019) ( Figure 6D ). This was consistently associated with an increase in mitochondrial mass (þ67%, p < 0.001) ( Figure 6E ) and membrane potential (þ108%, p ¼ 0.043) ( Figure 6F ) in myotubes knocked down for G0S2. The membrane potential to mitochondrial mass ratio was unchanged, suggesting that the increase of mitochondrial membrane potential reflects the increase of total mitochondrial content, instead of a higher oxidative phosphorylation rate per mitochondrion (shNT 0.15 AE 0.02 vs shG0S2 0.19 AE 0.04, NS). We also noted a nearly significant increase of ATP synthase subunit alpha protein of complex V (p ¼ 0.05) (data not shown). Altogether, these data show that G0S2 controls fuel selection (FA vs glucose) in skeletal muscle cells partly through the modulation of lipid ligand availability for PPARb.
G0S2 knockdown in vivo increases lipolysis and induces ceramide accumulation in skeletal muscle
To assess the physiological role of G0S2 in vivo, we knocked down its expression by injecting an AAV1 containing an shRNA directed against G0S2 in tibialis anterior and gastrocnemius muscles into 14-week old C57BL/6J mice. Intramuscular AAV1-shRNA-G0S2 injection significantly reduced G0S2 mRNA and protein expression compared to the contralateral leg injected with an AAV1 containing a non-targeted shRNA (Supplemental Figure 1) . Interestingly, and in line with in vitro data, knockdown of G0S2 tended to reduce ATGL protein content (À38%, p ¼ 0.056) (Supplemental Figure 1) and decreased IMTG content (À28%, p ¼ 0.047) ( Figure 7A ). This was accompanied by increased palmitate oxidation rate to CO2 (2.7-fold, p < 0.05), palmitate oxidation to ASM (acid soluble metabolites) (p ¼ 0.052) and total oxidation tended to increase (1.4 fold, p < 0.05) ( Figure 7B) . Again, as observed in vitro, PDK4 protein was increased in G0S2 knocked down muscles (þ23%, p ¼ 0.03) ( Figure 7C ). Because an C] glucose. (C) PDK4 gene expression was measured in control myotubes (shNT) and myotubes knocked down for G0S2 (shG0S2) in absence or presence of a selective PPARd antagonist GSK0660 500 nM PCG1a gene expression (D), mitochondrial mass (E), and mitochondrial membrane potential (F) were measured in control myotubes (shNT) and myotubes knocked down for G0S2 (shG0S2) (n ¼ 9). *p < 0.05, **p < 0.01, ***p < 0.001 versus shNT.
elevated rate of lipolysis in muscle may cause lipotoxicity and reduce insulin-mediated glucose uptake in a resting state, we next examined lipotoxic lipid species and glucose uptake. Interestingly, we observed a significant accumulation of different ceramide species (þ60%) in muscles knocked down for G0S2 ( Figure 7D ), and this was associated with a non-significant trend for a lower insulin-stimulated glucose uptake (À19%, p ¼ 0.08) ( Figure 7E ). We further observed a downregulation of muscle G0S2 protein concomitant with reduced insulinstimulated glucose uptake in HFD-fed mice with marked body weight gain (Supplemental Figure 2) . Together, these in vivo data recapitulate what has been observed in vitro with G0S2 knockdown in myotubes, and strengthen the important metabolic role of G0S2 in skeletal muscle.
DISCUSSION
Obesity and type 2 diabetes are associated with an accumulation of ectopic lipids in insulin-sensitive "non-adipose" tissues such as skeletal muscle [4] . A growing body of data suggests that an altered handling of these lipids may be responsible for the impairment of insulin action [3] . As skeletal muscle acts as a metabolic sink for glucose in postprandial conditions [32, 33] , impaired insulin action in this organ has an important impact on whole-body glucose homeostasis. It is therefore important to understand how the IMTG pool is regulated. In this study, we identified G0S2 as an important regulator of lipid metabolism in mouse and human skeletal muscle. We showed that G0S2 is preferentially expressed in oxidative muscles, is associated with oxidative capacity and lipid content in human skeletal muscle, and inhibits ATGL activity. We further demonstrated that G0S2 plays a pivotal role in the regulation of intramyocellular lipolysis and fatty acid oxidation. Finally, we highlighted a potential role for G0S2 in providing lipolysis-derived fatty acids to activate PPARb and downstream expression of its target genes to regulate energy metabolism in skeletal muscle. We observed a higher expression of G0S2 in skeletal muscle of endurance-trained individuals compared to lean subjects. This is in line with a recent report showing that G0S2 protein is increased in rat skeletal muscle following 8 weeks of endurance training [34] . It is well known that athletes display high muscle oxidative capacity and IMCL content [8] . Interestingly, we found that G0S2 protein is associated with skeletal muscle oxidative capacity and IMCL levels. Of importance, we observed that G0S2 strongly correlates with ATGL protein content in human skeletal muscle, suggesting a role for G0S2 in the regulation of muscle lipid metabolism. We observed a higher expression of G0S2 in an oxidative muscle (soleus) compared to more glycolytic muscles (gastrocnemius and extensor digitorum longus), which goes along with a higher expression of CGI-58 and of all the proteins involved in the lipolytic machinery [35] . This is consistent with a high capacity to store, mobilize and oxidize lipids in oxidative muscles [36] and suggests that G0S2 may be essentially expressed in type I oxidative fibers, as observed for ATGL [37] . Studies from different groups report that G0S2 inhibits ATGL activity in adipose tissue [17, 18] and in liver [19, 20] , and we show for the first time that G0S2 inhibits ATGL activity in human and mouse skeletal muscle. Mutagenesis studies have described that the hydrophobic domain of G0S2 can directly bind to the patatin-like domain of Original article ATGL and that this interaction is required for the inhibitory action of G0S2 [17, 38] . Interestingly, we observed in COS7 cells overexpressing ATGL that rhG0S2 is able to suppress ATGL activation induced by rhCGI-58. This suggests that G0S2 can bind ATGL independently of the presence of CGI-58, by a non-competing mechanism. However, the molecular mechanisms of ATGL inhibition by G0S2 are still poorly understood and clearly need to be further investigated. To gain further insight into the functional role of G0S2 in skeletal muscle, G0S2 was downregulated in human primary myotubes. G0S2 silencing induced an increase of ATGL activity and lipolysis, reflected by a strong reduction of TAG content and concomitant increase of FA release. Surprisingly, this was also accompanied by a significant decrease of ATGL protein content. Conversely, G0S2 overexpression led to decreased lipolytic rate, associated with an increase of ATGL protein content. Taken together, these results suggest that a compensatory mechanism occurs when ATGL activity is modulated. Similar findings have been observed when CGI-58 was overexpressed and knocked-down in this model [14] . As no change in ATGL gene expression was observed, either in knockdown or overexpression studies (data not shown), we suggest that this regulation may take place at the post-transcriptional level, although the precise underlying mechanism still remains unknown. In agreement with the increased lipolytic flux in G0S2 silenced cells, we observed an increase in IMTGderived fatty acid oxidation, the opposite being observed in G0S2 overexpressing cells. These results highlight a pivotal role for G0S2 in providing substrates for mitochondrial b-oxidation. Interestingly, we noted an increased mitochondrial mass and membrane potential in G0S2 silenced cells. However, the membrane potential to mitochondrial mass ratio remained unchanged, suggesting that the increase in membrane potential was due to the presence of a higher number and/ or size of mitochondria. Consistently, the gene expression of PGC1a, a master regulator of oxidative metabolism and mitochondrial biogenesis, increased in these cells. A recent study reported that G0S2 positively regulates OXPHOS activity by directly interacting with ATP synthase [31] . However, double G0S2 and ATGL knockdown experiments demonstrated that the effects of G0S2 knockdown on TAG content, FA release, and oxidation were totally dependent of ATGL. FA and glucose are the main energy sources in skeletal muscle, and it is now well established that a finely tuned regulation occurs for the use of these two substrates, the so called fuel selection [39] . We observed that, concomitantly with an increased lipolytic flux in G0S2 silenced cells, oxidative (i.e. glucose oxidation) and non-oxidative (i.e. glycogen synthesis) glucose metabolism was blunted. This was accompanied by a strong induction of the "switch-gene" PDK4. PDK4 is a mitochondrial protein inhibiting glucose oxidation in response to a high FA availability [40] . As PDK4 is a PPARb-target gene [41] , and considering that FA act as endogenous ligands of PPARb [42] , we hypothesized that IMTGderived FA could activate PPARb and induce PDK4 expression in G0S2 silenced cells [14] . Thus activation of lipolysis by G0S2 knockdown robustly induced PDK4 in a PPARb-dependent manner. Most importantly, we further observed that G0S2 knockdown in mouse tibialis anterior muscle reduced IMTG content, enhanced FA oxidation in vivo, and induced PDK4 expression. However, perhaps because of lower down regulation of G0S2 in vivo compared to in vitro, the magnitude of change in FA oxidation was moderate and no significant effect was observed on glucose oxidation (data not shown). Interestingly, we also observed an accumulation of various ceramide species, suggesting that an elevated rate of lipolysis in skeletal muscle can lead to lipotoxicity in the resting state despite a slightly elevated FA oxidation rate. A similar metabolic change is classically observed during high fat feeding in which upregulation of mitochondrial FA oxidation cannot prevent ceramide accumulation and insulin resistance [29, 43, 44] . In this study, G0S2 knockdown-mediated ceramide accumulation was associated with a non-significant decrease of insulin-stimulated glucose uptake as would be expected from the negative action of ceramide on insulin signaling [45] . Interestingly, data from mouse models highlight a tissue-specific role for G0S2 in the control of insulin sensitivity. Of importance, G0S2 knockout mice are more insulin-sensitive and glucose tolerant than wild type littermates when fed a high fat diet [46] . These mice are protected against liver steatosis, and liver-specific G0S2 deletion induces a similar phenotype as G0S2 global knockout mice [20] . On the other hand, G0S2 overexpression specifically in adipose tissue leads to an improvement of insulin and glucose tolerance and reduces circulating fatty acids level [47] . In line with these studies, we show that G0S2 knockdown in skeletal muscle causes a lipotoxic injury and reduces insulin action similarly to what is observed in skeletal muscle during high fat feeding. Thus the specific role of muscle G0S2 in the regulation of whole body insulin sensitivity and metabolism should be explored in musclespecific G0S2 knockout mice.
CONCLUSION
Collectively, our data show for the first time that G0S2 inhibits ATGL activity in mouse and human skeletal muscle and plays a central role in regulating lipid metabolism and substrate oxidation. These results also suggest that changes in G0S2 expression may cause accumulation of lipotoxic species in skeletal muscle and subsequent impairment of insulin action. Future studies are needed to further elucidate the potential contribution of skeletal muscle G0S2 to insulin resistance, obesity, and type 2 diabetes.
